Large spatial and temporal gradients in rainfall and temperature occur across Australia. This heterogeneity drives ecological differentiation in vegetation structure and ecophysiology. We examined multiple leaf-scale traits, including foliar Temperature and water availability, not foliar nutrient content, are the principal factors influencing D
Temperature and water availability, not foliar nutrient content, are the principal factors influencing D 13 C across Australia.
| INTRODUCTION
Vegetation structure and function is strongly modulated by climate.
Consequently, understanding plant physiological responses to climate gradients is critical for understanding spatial variation in ecosystem processes (Koch, Vitousek, Steffen, & Walker, 1995; Schulze et al., 1996) and their responses to climate variability. In Australia, climate gradients are dominated by differences in the amount and timing of rainfall and average summer and winter temperatures. Collectively, these determine the key differences among climate zones (Eamus, Hatton, Cook, & Colvin, 2006) . Mean annual precipitation ranges from very low (<250 mm) in Central Australia to high (>4,000 mm)
in NE Australia. Mean maximum temperatures increase with decreasing latitude and distance from the coast. Spatial and temporal heterogeneity in temperature and rainfall has been demonstrated to strongly influence physiological and structural trait values, including foliar nitrogen content, specific leaf area, photosynthetic capacity and water-use efficiencies (e.g., Cernusak et al., 2013; Wright et al., 2004; Zhuang et al., 2016) along spatial gradients of environmental variables and also in response to seasonal variation are these variables (Eamus, Huete, & Yu, 2016) .
Functional and structural attributes of vegetation often change in a predictable manner along gradients of water availability. For example, across sites with varying depth-to-groundwater, aboveground biomass and net primary productivity increased and water-use efficiency decreased as water availability increased (Zolfaghar et al., 2014) . Water availability significantly influences rates of sap flow and annual rates of water use of trees (Dragoni, Caylor, & Schmid, 2009; Rossatto, Silva, Villalobos-Vega, Sternberg, & Franco, 2012; Whitley et al., 2013; Zeppel et al., 2008) . Trees adapted to low rainfall exhibit a suite of traits, including the tendency to have sclerophyllous leaves (Eamus et al., 2006; Fonseca, Overton, Collins, & Westoby, 2000; Turner, 1994) , large foliar concentrations of nitrogen and large wood densities (Cunningham, Summerhayes, & Westoby, 1999; Schulze et al., 1998; Wright, Reich, & Westoby, 2001) . In this paper, we examine numerous tree species across nine sites differing in mean annual precipitation and temperature, and seasonality of precipitation and temperature, to examine the response of multiple physiological and structural trait values to this variation.
The worldwide leaf economics spectrum highlights the importance of quantifying relationships among leaf traits (e.g., leaf mass per unit area, leaf life-span), how these traits differ between plant functional types and how differences in climate influence trait values and relationships among traits (Moles et al., 2014; Wright et al., 2005) . These relationships are gaining increased application in ecosystem models (Lu et al., 2017; Verheijen et al., 2013; Wright et al., 2004) , because many leaf-scale attributes scale strongly with several whole-plant properties (e.g., relative growth rate) and ecosystem properties (e.g., net primary productivity; Lambers & Poorter, 1992; Reich, Walters, & Ellsworth, 1992) . Globally, temperatures (range and mean values) and precipitation (timing and amount) are changing and are predicted to continue to change during the 21st century (CSIRO and Bureau of Meteorology 2016). Understanding current relationships among climate attributes and leaf physiological and structural traits at large scales is central to the refinement of dynamic global vegetation models (Verheijen et al., 2013) for realistic assessments of future trajectories of plant behaviour as climate changes at regional scales. Analyses of these large-scale relationships contribute to assessments of fundamental ecological questions pertaining to plant ecological strategies, explanations of observed distribution of different plant communities (Moles et al., 2014) , and responses to future climate change.
Water-use efficiency (WUE) and intrinsic water-use efficiency (WUE i ) are responsive to abiotic and biotic factors, including photosynthetic potential, rainfall and vapour pressure deficit (Eamus et al., 2016) . Analyses of foliar d 13 C (isotopic signature; the ratio of 13 C to 12 C in leaves) can identify leaf gas-exchange characteristics in C3
terrestrial plants within and across communities (Cernusak et al., 2013; Diefendorf, Mueller, Wing, Koch, & Freeman, 2010; Kohn, 2010) and provide a good proxy of leaf-scale WUE i (the ratio of net photosynthetic rate to stomatal conductance; Farquhar, Ehleringer, & Hubick, 1989; Farquhar, 1991; Livingston & Spittlehouse, 1996) .
More importantly, WUE i is an integrated measure of the relative efficiency of carbon gain through photosynthesis, in terms of water transpired. Both C gain and transpiration are modulated by multiple abiotic and biotic factors. Future changes in climate will alter regional patterns in rainfall and temperature coincident with changes in atmospheric CO 2 concentration, all of which influence carbon and water fluxes through multiple interactions. Our understanding of the relative importance of different factors in determining WUE i remains scant. Whilst there has been a focus on the effects of atmospheric CO 2 concentration on stomatal conductance and photosynthesis (Ainsworth & Rogers, 2007; Medlyn et al., 2011) , more detailed analyses of the impact of additional variables on WUE i are required. We address this knowledge gap at a continental scale.
Responses of foliar isotope discrimination (D 13 C, as opposed to
C, foliar isotopic signature; the ratio of 13 C to 12 C in leaves) to mean annual precipitation (MAP) have been examined in two recent global meta-analyses (Diefendorf et al., 2010; Kohn, 2010 (Cernusak, Hutley, Beringer, Holtum, & Turner, 2011; Miller, Williams, & Farquhar, 2001; Schulze et al., 1998) and in south-western Australia (Schulze, Turner, Nicolle, & Schumacher, 2006; Turner, Schulze, Nicolle, Schumacher, & Kuhlmann, 2008) observed only weak community-level responses of d 13 C to MAP.
In contrast to the majority of Australian studies, which investigated closely related species within the genus Eucalyptus, the present study examined how D The objectives of our study were to address the following hypotheses:
1. Foliar discrimination against 13 C (and hence WUE i ) is more strongly affected by differences in precipitation than temperature.
2. Seasonality of precipitation has a larger impact on foliar discrimination against 13 C than seasonality in temperature.
3. Differences in precipitation are more important than differences in foliar N or P in explaining differences in foliar discrimination The location, mean annual precipitation and mean annual temperature for each of the eight sites are given in Table 2 for details) across the SuperSites and their relationships with D 13 C were also examined.
| Environmental variables
To quantify the climatic conditions for each of the eight nodes, 19 variables were used (11 temperature-related and eight precipitationrelated parameters; 
| Leaf-trait data
Leaf gas-exchange and additional leaf traits (Table 2) were measured on 407 individual plants across 80 species at each of the seven Supersites (Table 1) , generally across winter and summer seasons or wet-and dry-seasons. Leaf gas-exchange was measured in the morning using a portable photosynthesis system (Li-Cor 6400; Li-Cor, Nebraska, USA) on upper canopy, fully expanded leaves on detached branches. Where there was evidence of an impact of detachment on gas exchange, replacement branches were sampled. Leaves were acclimated in the cuvette until a stable rate of gas exchange was recorded, typically 300+ s. Cuvette conditions were as follows:
; leaf temperature % 1°C higher than expected mid-morning temperature. Mean vapour pressure deficit ranged from 0.5 to 3.16 kPa across sites/ seasons.
Leaves used for leaf gas-exchange were used to determine leaf fresh mass and then oven-dried to constant mass for determination of total foliar N and P through colorimetric analyses using a flow injection system (QuikChem 8500, Lachat Instruments, Loveland, Colorado, USA).
|

C isotope composition of leaves
Mature, healthy, upper canopy, sunlit leaves were collected in the wet/dry or summer/winter seasons and dried in an oven at 60°C for 5 days. After drying, each leaf sample was ground with a Retsch MM300 bead grinding mill (Verder Group, Netherlands) until finely and homogeneously ground. Between one and two milligrams of ground material was sub-sampled in 3.5 mm 9 5 mm tin capsules for analysis of d 13 C giving three representative independent values per tree.
All d 13 C analyses were performed using a Picarro G2121-i Analyser (Picarro, Santa Clara, CA, USA) for isotopic CO 2 in the UTS TERG research laboratory. Atropine and Acetanilide were used as laboratory standard references and results were normalized with the international standards Sucrose (IAEA-CH-6,
Cellulose (IAEA-CH-3, d 13 C VPDB = À24.72&) and Graphite (USGS24, (Legendre & Legendre, 1998; Warton, Wright, Falster, & Westoby, 2006 ) and slopes were fitted individually for both dry-and wet-season using the smatr library in R (Warton, Duursma, Falster, & Taskinen, 2012) .
SMA slope-fitting techniques are appropriate for describing bivariate relationships where X as well as Y variables have variation associated with them due to measurement error and species sampling (Sokal & Rohlf, 1995) . First, robust SMA regression slopes were fitted separately for dry-season and wet-season for each bivariate relationship between bulk-leaf D
13
C and a leaf trait. For a given bivariate relationship, if SMA regressions were significant for both seasons, the existence of a common slope of the relationships was tested for using a Bartlett-corrected likelihood ratio test. If the assumption of a common slope was justified, Wald tests were performed to identify significant differences in elevation between the two seasons and for significant shifts along the common fitted axis. Means of the D 13 C
were compared one-way ANOVA and significant differences between sites were determined by Tukey HSD tests (confidence level of 0.05). Assumptions of ANOVA were tested for normality and homoscedasticity of the residuals. All analyses were performed using R software package (R Development CORE Team, 2011).
Discrimination was calculated from the isotopic ratio of 13 C to 12 C in leaves as per Farquhar and Richards (1984) :
where, R a is the 13 C/ 12 C ratio of CO 2 in air, and R p is that of plant carbon; d 13 C a is the d 13 C value of CO 2 in air (assumed to be À8&) and d 13 C p is that of the plant.
Leaf intrinsic water-use efficiency (WUE i ) was calculated using the species mean D 13 C based on a leaf-scale model of C3 photosynthetic isotope discrimination (Farquhar et al., 1989) :
Here, a, b are fractionation factors (the change of ratio in molar concentrations) occurring during diffusion of CO 2 through stomata pores (4.4&) and enzymatic carbon fixation by Rubisco plus a small component accounting for mesophyll conductance (27&), respectively.
3 | RESULTS
| Variation in D
C with climatic parameters
Simple linear/logarithmic regression models were constructed (Table 3) C were significantly correlated with three other temperature-related parameters; i.e., isothermality, temperature seasonality and temperature annual range (Table 3) After temperature seasonality, isothermality (i.e., mean day-to-night temperature oscillation relative to the mean summer-to-winter oscillation) and temperature annual range were the two strongest predictors of D 13 C in the single factor linear regression models (Table 3) .
Temperature seasonality was a stronger predictor of variation in . Thus, species growing at drier sites were inherently more efficient in using water than species at wetter sites and this efficiency was larger during the dry-season than the wet-season.
| Scaling relationships between D
13 C and gasexchange traits D 13 C was significantly and negatively correlated with net assimilation during the wet-season (r 2 = 0.14, p < .01, slope = 1.85, Figure 3a) but not during the dry-season (r 2 = 0.03, p > .05). In contrast, D Leaf intrinsic water-use efficiency from gas-exchange measurements (i.e., the ratio of A 400 to g s400 ) was significantly correlated with D (Table 4) . Thus, SMA was performed on the entire dataset including samples from both dry-and wet-seasons and results are presented in Figure 4 , which shows that significantly larger discrimination against 13 C was found in leaves with smaller LMA (Figure 4a ), smaller FMA ( Figure 4b ) and smaller LDMC (Figure 4c ). (Table S3 ).
| DISCUSSION
The latest projections for Australia's near-future climate can be sum- Although there were fewer dominant overstorey species in the drier sites, up to 3.7& differences in D 13 C (during dry-season sampling) and 4.5& differences (during wet-season sampling) among different climate biomes were apparent (Table S4) . Previous smaller regional studies in southern Queensland (Stewart et al., 1995) , in South Africa (Midgley, Aranibar, Mantlana, & Macko, 2004) and globally (Diefendorf et al. (2010) recorded similar relationships between D Corymbia, the focus of most Australian studies. An increase in C i /C a with increasing MAP (Wright et al., 2001 ) can therefore explain a strong response of D 13 C with MAP (Stewart et al., 1995) . In the C and (a) total leaf N expressed in area basis, Leaf N area , (b) total leaf P expressed in mass basis, Leaf P mass and (c) total leaf P expressed in area basis, Leaf P area . Dry-season samples are represented by grey circles and dashed lines and wet-season samples by black circles and solid lines. Statistically significant slopes from SMA are plotted with red lines. Nonsignificant SMA slopes are not shown. In (a) a single regression describes both seasons. In (b) only the dry-season regression is significant. In (c) only the wet-season regression is significant [Colour figure can be viewed at wileyonlinelibrary.com] present study, a significant relationship of C i /C a was identified during dry-and wet-seasons (Fig. S4) across a 22-fold increase in MAP, resulting in a strong response of D 13 C to MAP. Diefendorf et al. (2010) and Kohn (2010) demonstrate in their meta-analyses the importance of variation in MAP across sites in explaining variation in foliar D 13 C, with only a minor role for temperature apparent in Diefendorf et al. (2010) . Similarly, Grossiord et al. (2017) experimentally demonstrated that for Pinus edulis, changes in water availability have much larger impacts on growth and physiology than changes in temperature. In contrast, Moles et al. (2014) demonstrated that mean annual temperature (MAT) was significantly more strongly correlated with plant traits than MAP. In our analyses, temperature-related climate variables were more strongly correlated with variation in foliar D
13
C than MAP or MI ( Australia for sites that were outside of the zone of influence of the monsoonal rains and where conditions were inherently drier. In contrast with AMU, the largest increase in community-averaged D
C of the wet-compared to the dry-season occurred at the WR (Warra Tall Eucalypt) site which experiences smaller seasonality of precipitation (Table S4) .
Bulk-leaf D 13 C is modulated by C i /C a at the time when leaf drymatter was synthesized. This raises the question: do patterns in The C i /C a ratio was significantly correlated with g s400 during both
seasons. Strong positive relationships of g s400 and C i /C a with MAP (data not shown; p < .0001 in both cases) and a weak but significant relationship of g s400 with D 13 C (p < .05) only during the dry-season suggest that during the dry-season, C i /C a (and therefore, D 13 C and WUE i ) were more strongly regulated by stomatal conductance than photosynthetic capacity. Similarly, Cernusak et al. (2011) concluded that changes in photosynthetic capacity per unit leaf area between the wet-and dry-season were unlikely to account for seasonal changes in rates of photosynthesis. However, during the wet-season, a significant relationship between A 400 and D 13 C (Figure 3a ) and an apparent lack of relationship between D
C and g s400 during wetseason in spite of a highly significant relationship between C i /C a and g s400 (data now shown) suggest that photosynthetic capacity more RUMMAN ET AL.
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| D
C, leaf morphology and other leaf traits
We found that leaf morphology at site/species level reflects environmental constraints on plant growth. Reduced water availability results in thicker and/or denser leaf tissues (Abrams, Kubiske, & Mostoller, 1994; Groom & Lamont, 1997; Lamont, Groom, & Cowling, 2002; Witkowski, Lamont, Walton, & Radford, 1992) . Species with thicker and denser leaves occur where less water is available (Abrams et al., 1994; Reich et al., 1999) . Similarly, less discrimination against 13 C occurs in response to reduced water availability due to increased stomatal regulation. Here, we showed that D 13 C was most strongly and inversely correlated with LMA among all leaf attributes considered, across both seasons, reflecting either decreased stomatal conductance or a lower C i /C a arising from the larger demand for CO 2 per unit leaf area arising from thicker leaves, or a reduced mesophyll conductance associated with thicker leaves (Lamont et al., 2002) .
Among the leaf nutrient traits, leaf N mass showed significant positive relationships with MAP during both seasons and MI only during the wet-season (Table S3 ). However, this was not correlated with D 13 C. Leaf P mass showed significant positive relationship with MAP and D 13 C only during dry-season and no relationship with MI was identified (Table S3 ). In contrast, Leaf N area showed significant negative relationships with both MAP and MI (Table S3 ) and was also correlated with D
13
C during both seasons. Leaf P area showed significant negative relationships with MAP during the wet-season and MI during both seasons (Table S3 ) and was correlated negatively with C was consistent with results of Schulze et al. (1998) .
Thus, we conclude that water availability and temperature (and not foliar nutrient content) are the principal factors directly influencing D 13 C across the Australian continent, in agreement with smaller scale regional studies (Lamont et al., 2002; Schulze et al., 1998) . The significant relationships with D 13 C obtained from nutrients expressed as area basis agree with previous observations of relationships of D
C with C i /C a (Cernusak et al., 2013) and N area ; a lack of relationship on a mass basis may result from strong association between D
C and LMA (Lamont et al., 2002) .
